We have mapped a region of homology within a 2.2 kilobase segment of plasmids of incompatibility group F I, which is contained in an EcoRI restriction enzyme fragment bearing genes for autonomous replication. The coordinates of the 2.2 kilobase segment are 46.4 F-48.6 F on the physical map of the F plasmid. The origin of vegetative replication has been mapped at 42.5 F, at which site F has no sequence homology with other group F I plasmids. Plasmids belonging to other incompatibility groups have no homology with the 46.4-48.6 F
segment. Possible mechanisms underlying incompatibility are discussed. We think that incompatibility is due to either a limitation in a common equipartitioning mechanism or a limitation in a common replication control. In either case, the common mechanism is specific for plasmids belonging to a given incompatibility group. Plasmid incompatibility is the inability of two plasmids to coexist stably in the same host cell. The phenomenon was first demonstrated in 1962 in studies with the F plasmid of Escherichia coMl, in which it was shown that two different autonomous F-prime (F') plasmids (1) or an integrated and an autonomous F plasmid (2, 3) could not be maintained together. We refer to the former as Fa-Fa incompatibility, the latter as Fi-Fa incompatibility (4) . During subsequent years, as work on plasmids progressed, it was recognized that a given pair of plasmids either could or could not coexist stably and this led to the classification of plasmids into incompatibility groups. So far, 26 incompatibility groups for plasmids of Gram negative bacteria and seven incompatibility groups for plasmids of Staphylococcus aureus have been recognized (5) . It should be noted that the assignment to an incompatibility group is based on incompatibility between autonomous plasmids, rather than on incompatibility between an integrated and an autonomous plasmid.
Incompatibility between two autonomous plasmids is indicative of a specific feature of the plasmid life cycle which limits plasmid proliferation. For the F plasmid, such specific features are stringent control of replication and equipartitioning into daughter cells. Thus, with two F' plasmids present in the same cell, only one may be able to replicate or there may be only one site for equipartitioning. Either limitation would result in incompatibility.
Studies on the cloning of an EcoRI restriction enzyme fragment of the F plasmid carrying genes for autonomous replication support the idea that incompatibility reflects a specific feature of the plasmid life cycle. This fragment was joined to nonreplicating EcoRI restriction enzyme fragments carrying genes either for kanamycin resistance (6) or ampicillin resistance (7) . The resulting "mini-F"' plasmids have essentially the same replication and incompatibility properties as the complete F plasmid. The coordinates of the F portion of mini-F' km (km = kanamycin resistance) (pML 31) on the physical map of F were shown to be 40.3 F-49.3 F (8), corresponding to about 10% the length of F.
To localize the genes responsible for incompatibility more precisely, we have carried out electron microscopic heteroduplex (HD) analysis among four plasmids belonging to incompatibility group F I: F, R 386, Col V-K94, and Ent P307. A region of homology was found within coordinates 46.4 F-48.6 F. No such homologous region was found between F and plasmids belonging to other incompatibility groups. Homology in this region between F and Col V-K94 has been reported by Sharp et al. (9) . We have further confirmed the 46.4-48.6 F region of homology by electron microscopic HD analysis between pML 31 and the above four plasmids, and between a cloned fragment of F, pRS5 (10), and Ent P307. On the assumption that the genetic sequence determining incompatibility is identical or nearly so in plasmids belonging to a particular incompatibility group and is long enough to be recognized in HD experiments, we conclude that the DNA sequence of F with coordinates 46.4 F-48.6 F contains the genetic determinants for incompatibility of group F I plasmids.
MATERIALS AND METHODS Most of the strains used have been described in one of our previous publications (11) . The other strains, with references describing their characteristics are as follows: pRS 5/JC 10167 from R. Skurray (10); pML 31/CR34 from D. Helinski (6); and Col V/Ys4O from E. Ohtsubo (9) . We are grateful to these workers for having supplied these strains. The media used were: TYE broth (12), Luria broth (13) either at pH 7.0 or pH 7.6, modified AF broth (13) , and MacConkey Base (Difco) agar containing 0.5% lactose.
For the isolation of plasmid DNA, strains were grown from single colony isolates in modified AF medium as described (13) . Plasmid DNA was purified twice by buoyant density centrifugation in CsCl in the presence of ethidium bromide (12) . For HD experiments, supercoiled DNA was nicked with x-rays and, after recentrifugation in CsCl/ethidium bromide, the upper DNA band (form II) was used. This material was mounted by the aqueous techniques for electron microscopy (14) , in order to determine its homogeneity, the approximate concentration of DNA, and the length of the plasmid molecules. The procedures for HD analysis have been described (12) .
To look for inverted duplications we incubated form II DNA for 6 min in 0.3 M NaOH at 200 (denaturation) and then neutralized it by the addition of 1 M Tris buffer (pH 8.4) containing 0.2 M EDTA, as described (12). This step was followed by a 20-min dialysis against the renaturation buffer (15). The selfhybridized molecules were mounted for electron microscopy by the formamide procedure (14) and examined for intrastrand renaturation. As reference molecules for HD studies we used two modified 1190 Abbreviations: HD, heteroduplex; ss, single-stranded; ds, doublestranded; kb, kilobase. (12) . One kilobase corresponds to 1000 nucleic acid bases (or base pairs for double-stranded molecules). Coordinates on F are expressed in kb units followed by the suffix F. FA was characterized again for the present studies by HD studies with Fin,. Measurements of the two single-stranded (ss) loops and distances between the loops show that FA has a deletion of 9.7 kb + 0.4 kb at 32.6 F-42.3 F (Palchaudhuri, unpublished data). Molecular lengths of all the plasmids studied (Table 1) were determined relative to double-stranded (ds) circular Col El DNA, which has a length of 6.5 kb (16) . The length of Col El was determined relative to the replicative form of OX174 DNA.
RESULTS
Inverted Duplications. Presence of inverted duplications enable regions of the same DNA strand to anneal with each other, resulting in ds segments. If the duplications are not adjacent, the ds segment ("stalk") will bear an ss loop (see Fig. 2A ). These structural features provide useful markers for HD analysis and we therefore checked our plasmids for their presence. Col V-K94 was seen to contain three inverted duplications (also ref. 9 ), Ent P307 contained one (IS 1, unpublished data), and R538 drd 1 contained two. The detailed characterizations of these inverted duplications in the three plasmids will be reported elsewhere.
Homology between F Plasmid and Other Plasmids. HD molecules between Fin, or FA and the other plasmids were prepared and measured. The presence of a homologous region in Fins-containing HD molecules in the 32.6 F-42.3 F segment, which is deleted in FA, permits in most cases the unambiguous assignment of coordinates relative to the reference loop of Fin, at 58.8 F (see below).
Col V-K94 has two regions of homology with Fin, (Fig. 1A (10) and presumably carries the genes for incompatibility. Similarly, R386/Fins and R386/FA HD molecules enable one to map the regions of homology between R386 and F (data not shown). A large ds segment extends from 46.5 F to 2.8 F (clockwise) and a small ds segment extends from 37.0 F to 39.0 F. R386 resembles F in its conjugal transfer system and resistance to female-specific phages (17) .
Two other R factors, Ri drd 19 and R538 drd 1, both belonging to incompatibility group F 11, were hybridized with Fin5 and FA (Fig. 1C and D) . The most striking conclusion to be drawn from the analysis of these molecules is that they are homologous with F between 50.1 F and 2.8 F (clockwise) but not within the 46.5 F-48.5 F segment. In the absence of a second region of homology in the 32.6 F-42.3 F segment, the orientation of the 50.1 F-2.8 F region of homology is based on the known location of the genes for conjugal transfer (62.2 F-93.2 F), which these R factors are known to have in common with F (9). This region must be located within the longer segment of homology to the left of the 1.3 kb insertion loop at 58.8 F (Fig. 1C and D) .
From the foregoing it appears that the genetic information for incompatibility is contained in the F-segment with coordinates 46.4 F-48.6 F. In studies with another plasmid of group F I, Ent P307, we encountered complications in the analysis of HD molecules because at the expected location for the 58.8 F insertion loop we found instead a 1.3 kb substitution loop. We subsequently discovered that Ent P307 contains an insertion at that site which is also 1.3 kb long, but not homologous with the insertion in Fins. For the mapping of possible regions of homology in the pertinent region of F, it is simpler to consider plasmid pRS 5, which carries an EcoRI restriction enzyme fragment of F with coordinates 32.6 F-68.1 F, ligated to plasmid pSC 101 (10) .
In the Ent P307/pRS 5 HD molecule (Fig. 1E ) there are two regions of homology separated by a substitution loop. The larger region of homology is again interrupted by a small substitution loop. The ss arms of the largest substitution loop (cut in Fig. 1E ) are of lengths 9.3 kb and 56 kb. The 9.3 kb arm belongs to plasmid pRS 5 and, based on its size, is presumably the pSC 101 portion of this plasmid. The 56 kb arm is the region of Ent P307 that we previously found not to pair with F (11) and that contains the inverted duplication mentioned before. In the second largest substitution loop, the 12.4 kb arm must be part of pRS 5 to account for the total length of 43.5 kb of this plasmid ( Table  1 ). The ds region between these two substitution loops would therefore have coordinates 32.6 F-35.1 F. The coordinates of the large ds region are 47.5 F-63.2 F. There is a small substitution loop 63.2 F-64.1 F followed by the third ds segment with coordinates 64.1 F-68.1 F. It should be emphasized that there is a 1.1 kb region of homology (47.5 F-48.6 F) in the segment found in common with the other two group F I plasmids. This is somewhat shorter than the 2.1 kb region (46.5 F-48.6 F) found for the other two plasmids.
Homology between pML 31 and Other Group F I Plasmids. The construction of the plasmid chimera pML 31 has been described by Lovett and Helinski (6) and the similarities between pML 31 and F in regard to stringent control of replication and incompatibility were pointed out. We have confirmed their findings and in addition have found that, like F, pML 31 replication is inhibited in the presence of acridine orange (unpublished results). We have also studied the molecular structure of pML 31 (Fig. 2B) ; our findings are in agreement with the results of Guyer et al. (8) . Our results are summarized in Table 2 . From our analysis of pML 31/FiS and pML 31/FA HD molecules we find the coordinates of the F portion of pML 31 to be 39.8 F-48.6 F, compared to the published values of 40.3 F-49.3 F (8). To facilitate the reading of Table 2 , a diagram of a pML 31/F HD molecule is shown in Fig. 2A .
To determine the region of homology between pML 31 and other plasmids of group F I, we analyzed pML 31/R386 and pML 31/Col V-K94 HD molecules ( Table 2) .
All seven pML 31/R386 HD molecules analyzed ( Table 2 ) had a 1.8 kb ds region. Three of these molecules showed the inverted duplication characteristic of pML 31 (Fig. 2B ). In these we could determine the F coordinates of the 1.8 kb region of homology between pML 31 and R386 to be 46.4 F-48.4 F, as follows: the long ss arm (b) is increased from 2.2 kb in the pML 31/Fi,,s HD molecule to 8.8 kb in the pML 31/R386 molecule, whereas the short ss arm (a) has about the same length in both (see Fig. 2C ). This means that the 1.8 kb region of homology must be at the left end of the 39.8 F-48.6 F region of homology between Fis and pML 31. In a similar way we analyzed seven pML 31/Col V-K94 molecules ( Table 2 ) and could assign coordinates 46.4 F-48.6 F to the 2.2 kb region of homology. These results with pML 31 therefore confirm our previous results with complete F molecules and pRS 5 on the homology of group F I plasmids in the 46.4 F-48.6 F region of F. DISCUSSION
We have localized a short region of homology in plasmids of incompatibility group F I, which is contained within an 8.8 kb EcoRI restriction enzyme fragment of F, known to carry the genes essential for autonomous replication and its control. No homology in this region of F was found with other plasmids resembling F in their conjugal transfer properties, but belonging to incompatibility group F II. It has been shown that a 10.7 kb EcoRI restriction enzyme fragment of group F II plasmid R6-5, which carries genes for autonomous replication, has no homology with the fragment carrying the replication genes of F I (7) . We conclude from these findings that the genetic determinants of group F I located in the 46.4 F-48.6 region of F are specific to group F I plasmids.
Besides the four plasmids belonging to group F I described here, two other R factors, R162 and R455, have been shown to belong to incompatibility group F 1 (18) . Hybrid plasmids between R162 and F have been isolated that show recombination for properties of the parental plasmids (18) .
The origin of vegetative replication of F has been located at 42.5 F (19) . This part of F has no homology with the other group F I plasmids studied here. Thus, for two plasmids to be incompatible with each other they do not have to have the same nucleotide sequence at the origin of replication. This does not mean, however, that incompatibility does not involve genes controlling replication, especially in view of the proximity of the incompatibility region and the origin of replication.
As pointed out in the introduction, incompatibility between two plasmids could be the result of either a common replication control or a common site for partitioning into daughter cells. Fig. 2A .
The genes in the 46.4 F-48.6 F segment could thus be concerned either with replication control or equipartitioning. The existence of a mechanism for equipartitioning can be inferred from the observed stability of strains carrying stringently controlled plasmids. For example, the loss of F'lac+ occurs only about once in 1000 cells, yet there are only one to two copies of the F'lac+ plasmid per chromosome. It follows from this that two compatible, stringently controlled plasmids must have different specificities for equipartitioning, otherwise they could not both be propagated stably during the growth of a clone. The inverted duplication has a length of 1.0 kb, which serves as a standard.
However, the converse, that incompatible -plasmids have the same specificity for equipartitioning, is not necessarily true. A common mechanism for stringent control of replication, which will permit only one of two plasmids to replicate, will also result in incompatibility, although the two plasmids may have different specificities for equipartitioning. In fact, it has been shown that incompatibility between an integrated F plasmid and an autonomous plasmid is due to inhibition of vegetative plasmid replication (20, 21) . Furthermore, copy number mutants of plasmids with altered replication control have been found to have altered incompatibility properties (22) . Evidence that control of replication is responsible for incompatibility has also been obtained from studies of a composite plasmid, which is incompatible with plasmids belonging to two different incompatibility groups (23) . Other pertinent findings are that chromosomal mutations were found that permit the stable coexistence of different F' factors (24, 25) and that such mutations may be associated with an alteration of the cell membrane (26) . In the light of the information available at present, the two possibilities still remain open that either replication control or equipartitioning is responsible for the observed incompatibility between plasmids. S. P. is a Career Scientist Awardee of the Irma T. Hirschl Trust. W.K.M. is a Public Health Service Career Awardee (K6-GM-15, 129). 
